In the past decades, insulation materials such as petrochemical and inorganic have been used for building insulation. The production of these insulation materials consumes a large amount of energy, which has a significant effect on the environment throughout the life cycle. Comparative performance analyses of renewable (natural) insulation materials for building application in terms of their impact on the environment, the useful lifetime, cost, insulation performance, thermal diffusivity water vapor resistance and flammability were analyzed using statistical tools. It was found that renewable insulating materials have competitive performances with traditional nonrenewable materials in terms of heat insulation performances, fire resistance and cost. Also it was found that renewable materials have significantly better performances such as less impact to the global warming, longer useful lifetime, and lower thermal diffusivity.
INTRODUCTION
Today, the vast majority of energy needs are provided by fossil fuels. The increase of energy demand is shortening the life of fossil fuels at the same time. For this reason, reducing the dependence on fossil fuels in energy production [1] has become a necessity in this century [2] .
Today, people are constantly looking for new ways to live in better conditions using active systems [3] and at the same time it increases the demand for energy [4] . From the published research it is seen that the largest portion of the energy is used by industry and housing [5] . The biggest share of the energy consumed in homes is the energy used for heating and cooling [6] .
Therefore, thermal insulation of building envelope in the past decades becomes inevitable element in building energy demand reduction [7] , which is caused by the exterior and interior temperature difference [5] . Various kinds of insulation materials (traditional materials) for building application have been rapidly growing, but recently there are many initiatives to use environmentally friendly materials, which still have a negligible share in the market [8] .
Figure 1 Classification of insulation materials
During the life cycle, traditional insulation materials have notable impact to the global warming, thus they play an important role in environmental pollution [9] . Many studies have been conducted with the aim of looking for new ways for reducing building energy demands as part of its continuous improvement [10] . Different insulation materials were proposed that are more efficient and more environmentally friendly as well as appllication of materials in building components that have energy storage capacity [11] [12] [13] . Natural insulation materials become attractive for researchers as substitute for the traditional [14] . Some of them have comparable thermal properties and they may have improved thermal and moisture buffering [15] . Therefore, they may provide a more sustainable and healthy environment with the possibility to be recycled [16] . All insulation materials for building applications are classified in three groups such as inorganic, organic and new technology materials [17] . This classification is shown in Fig. 1 .
Inorganic materials are considered as traditional materials such as glass wool, rock wool, calcium silicate, foam glass, perlite and vermiculite. Organic materials are separated in two groups. These groups are petrochemical and renewable materials. Petrochemical materials are considered as traditional as well and contain expanded polystyrene (EPS), extruded polystyrene (XPS), phenol formaldehyde, polyurethane, polyisocyanurate and urea formaldehyde. Renewable insulation materials are considered as more environmentally friendly such as cellulose, coconut, flax wool, hemp, recycled cotton, sheep wool, woo wool and expanded cork. New materials are thermosheets, aerogels, expanded polylactic acid and vacuum insulation panels (VIP).
The focus of this study is on renewable, inorganic and petrochemical materials. Advantages and disadvantages of particular material reported in Fig. 1 are discussed in the literature. It was observed that results from a study to study vary in both ways, positive and negative. Therefore, it is difficult to say whether renewable materials perform well or not as group. In this study, all these results were collected, categorized and analyzed using statistical tools at 95% confidence interval. Material performances highly differ from a material to a material, but the question is not answered whether renewable materials as a group are competitive with traditional materials as another group. The goal of this study is to investigate what advantages and disadvantages renewable materials have as a group; and whether these materials have the other comparable performances with traditional insulation materials to be competitive in the market. To carry out the study, the following questions were investigated: 1) Are there comparable thermal properties between these two groups of materials? 2) Do renewable materials have significantly lower global warming potential? 3) What is useful life time for each of them? 4) Is there significant difference in cost? 5) Do renewable insulation materials have significantly better thermal diffusivity properties? 6) Is there significantly high resistance to water between them? 7) Is there a significant difference in fire resistance between them? 8) What materials have higher energy consumption during life cycle (production process)?
Some of these questions were partially answered in the literature for a certain material without providing a whole picture. This study investigates the question and provides answers for the material groups by comparing their performances. Particular material performances are collected from the literature, categorized and reported in Tab. 1. The functional unit (f.u.) is defined as the mass of insulation material that involves a thermal resistance value of 1 m 2 K/W and the area of 1 m 2 for a service life period of 50 years [4] :
where, R is thermal resistance in m 2 K/W, λ is thermal conductivity in W/mK, ρ is specific mass in kg/ m 2 , and A is unit area in m 2 .
METHOD
To investigate the problem and to find the answer to the previous questions, statistical tools that include hypothesis testing were applied. To find significant difference in performances among these three groups of insulation materials, Analysis of Variance (ANOVA) and post-hoc tests were applied. Post hoc t-test was used to investigate which group differs significantly from the others.
ANOVA technique separates the variability of data amongst the different factors. It helps test certain hypothesis concerning the parameters of the model, or estimates the components of the variance [10] [26] [27] . The data were grouped and analyzed using method described in Tab. 2. Table 2 General data matrix for ANOVA [28] Material group Observations Totals Averages
Referring to the matrix in Tab. 2, y ij is the j-th observation taken in the material group i, � • is an average value of observation in group i, � •• is an average value of all observations for each material in group i, a is the number of material groups, n is the number of observations in each group. Whole matrix was organized in a way that considers the same number of observations for each group of material (treatment). The data in the matrix actually represent a linear statistical model and can be written as:
where, y ij is a random variable with n observations, μ is the mean value for certain group, τ i is an i-th material group effect, ε ij is an error component. Total sum of squares was calculated as:
where, SS Gr is sum of squares of material groups, SS E is error sum of squares. These three sums of squares were determined using the following formulas:
Observed value of F 0 -test was determined as the ratio between mean sum of squares of material groups (MS Gr ) and mean sum of squares of error (MS E ).
[ ]
where, (a − 1) represents degrees of freedom of the numerator (between the groups), a(n -1) represents the degrees of freedom of the denominators (error). The calculated value of F 0 -statistics was compared with corresponding critical value (F cr ) taken from standard literature for significance level of α = 0.05, and for appropriate degrees of freedom of numerator and the nominator.
The following two main cases were observed: If F 0 > F cr (or p-value < α), there is no significant differences between the groups of materials. If F 0 > F cr (or p-value > α), it was considered that there is significant difference between the groups of material for certain performance. Overall, obtained significance from ANOVA model indicates that there is at least one significant difference between material group means but it does not indicate which pair differs significantly. To identify the differences for all pairs, post-hoc comparison t-tests were used. In this case upper significance level was corrected using the following Bonferroni correction.
where, m represents number of comparison, while significant difference was identified for each p-value ≤ α cor . Assuming unequal variances of the material groups ( 1 2 ≠ 2 2 ) and having determined corrected significance level, significant differences in mean performances were determined by using a two-sample t-test. The following cases were checked: 1 ≠ 2 ; 1 > 2 ; 1 < 2 .
Where, 1 and 2 represent the mean performances of material one and material two.
Observed t-test statistics is calculated using unequal variance case as:
The following cases were observed: if p-value < α cor , there is no significant differences between the groups of materials. If p-value > α cor , it was considered that there is significant difference between the groups of material for certain performance. These tests were performed usig commercial SPSS software package.
RESULTS AND DISCUSSION
Performances of three groups of building insulation materials were tested using one way ANOVA at 95% confidence interval. The results obtained from SPSS software regarding performances such as fire resistance, water vapor resistance, thermal diffusivity, cost and insulation performance, global warming potential and useful lifetime are shown in Tab. 4. From Tab. 4 it is observed that significant difference in performances among the groups of the insulation materials exist (starred values) but it is not clear which group differs significantly. To determine which group differs significantly post-hoc t-tests were used with the correction α cor = α/m = 0.05/3 = 0.0167. The results are shown in Tab. 5. The results shown in Tab. 4 and in Tab. 5, are discussed in details below.
Energy Consumption
The results from Tab. 4 indicate that natural/renewable insulation materials have comparable thermal properties as traditional ones and may be advantageous in thermal and moisture buffering. The mean performances between the materials are listed in Tab. 5, which suggests that natural/renewable insulation materials have a higher value of the mean energy consumption indicating a lower performance as insulating materials. Judging only from this difference it is not enough to claim that natural/renewable insulating materials have notable lower performances in energy consumption. Another piece of information (p-value) must be taken in the consideration as well. From the table, a high p-value = 0.87 indicates that there is no significant difference between the two groups of materials. Thus, natural/renewable materials have comparable insulating capabilities with the conventional materials, and the difference in the means of energy consumption between these two groups is negligible.
Conventional materials were broken in two groups (inorganic and petrochemicals). Another test was conducted to compare if there is any difference among inorganic, petrochemicals and natural/renewable groups of materials with 95% confidence interval. The results from in Tab. 5 show Bonferroni test results for energy consumption, p = 0.88 and indicates that there is no significant difference in energy consumption applying different types of the building insulation materials. In other words, all materials perform similarly as insulators. The same conclusion is confirmed with Bonferroni test, there is no significant difference in energy consumption if any of three groups of the building insulation materials is used.
Global Warming Potential
Natural/renewable insulation materials have significantly lower global warming potential compared to traditional materials. Producing insulation materials from petrochemical or natural/renewable sources (glass and stone wool) always involves high energy consumption causing higher impact to the environment. A comparative analysis of global warming potential between natural/renewable and conventional materials was done and results are shown in Fig. 2 . ANOVA results from Tab. 4 indicate significantly higher impact of conventional materials on global warming than natural/renewable materials (p = 0.024). To determine which group differs significantly in this test, post-hoct-test test was conducted. Referring to Tab. 5, global warming potential of inorganic and petrochemical materials does not differ significantly, while natural/renewable materials have significantly lower impact to the environment compared to petrochemical insulation materials. Comparing natural/renewable materials with inorganic, significantly lower impact of renewable materials to the environment was not found.
Useful Lifetime
Natural/renewable insulation materials have significantly longer useful life time compared to traditional materials. Useful lifetime is an important performance of an insulation material. Fig. 3 shows renewable materials have useful lifetime over 80 years on an average value. shows that there is at least one significant difference among the group of materials (p = 0.002). The difference is identified using t-test analysis. Referring to Tab. 5, it is found that renewable materials have significantly longer useful life-time than inorganic and renewable (p-values for two-tail are 0.009 and 0.002 are less than 0.017).
Cost Performances
Natural/renewable insulation materials have competitive cost with traditional insulation materials. It is found that there is no significant difference in cost performances among insulation material. Referring to Tab. 5, p-value is greater than 5%, suggesting that renewable materials have competitive price. Fig. 4 shows cost average values of one cubic meter of insulation material, which is in the span of 200 to 260 EUR/m 3 . 
Thermal Diffusivity
Natural/renewable insulation materials have significantly lower thermal diffusivity compared to petrochemical materials. Thermal diffusivity is property of a material describing how fast an insulation material reacts to temperature change during transient heat conduction. An insulation material with a high thermal diffusivity conducts heat quickly from one side to the other side. p-value in ANOVA model indicates that at least one group differs significantly. Referring to Tab. 5, natural/renewable materials compared to petrochemical have significantly lower thermal diffusivity which places these materials as better performing. Fig. 5 shows thermal diffusivity values in m 2 /s.
Figure 5 Thermal diffusivity
Comparing to petrochemical, inorganic and natural/renewable materials perform better, they have very low thermal diffusivity placing them as more competitive in this case.
Vapor Resistance Factor
Vapor resistance factor represents a relative resistance of an insulation material to let water vapor pass through. Referring to Tab. 4 p-value in ANOVA model indicates that at least one group differs significantly. From Tab. 5, p = 0.001 indicating that natural/renewable materials have significantly lower values of resistance factor than petrochemicals. Fig. 6 shows water vapor resistance factor as an unitless number. Thus, natural/renewable materials are considered as more breathable contributing to occupant comfort than conventional insulation materials. Their breathable property allows moisture to dry from the material and to prevent its accumulation over time.
Fire Resistance Performances
Natural/renewable insulation materials have significantly lower fire resistance performances than inorganic but there is no significant difference between renewable and petrochemical insulation materials. In Tab. 5, p = 0 indicates that inorganic materials have significantly better fire resistance performances than petrochemical and renewable materials. Also, comparative results between renewable materials and currently in use petrochemical materials show that significant difference to fire resistance does not exist. The fire resistances of building insulating materials are classified in different fire resistance classes from A1 to F. Inflammable materials are considered as the best and placed in class A1. Those materials that are very flammable and those materials that still have no fire class determined are placed in F class, as it is defined in EN 13501-1 (Fire classification of construction products and building elements. Classification using test data from reaction to fire tests.). The fire resistance rank used in this study is shown in Tab. 6.
Since many renewable materials have no fire class determined yet, they are placed in F class in this analysis.
As the result they show low performances in this case compared to the inorganic but similar to petrochemical materials. Fig. 7 shows the average ranks values for each group.
Figure 7 Fire resistance performances
Since many natural/renewable materials have no fire class determined yet, the worst case scenario was analyzed in this study. Once the fire class gets determined for them, it is expected that some of them will have higher fire resistance and better ranking than it is reported in the literature and it may lead to be significantly different from petrochemicals as well.
CONCLUSION
This study showed that natural/renewable insulation materials such as paper wool, flax wool, hemp wool, recycled cotton, sheep wool, and wood wool etc., which often can be found locally in many regions, have comparable thermal properties and costs with conventional materials such as inorganic and petrochemical. Fire resistance of natural/renewable materials is comparable with petrochemicals but significantly lower compared to inorganic material. Also it is found that natural/renewable materials have significantly lower global warming potential, thermal diffusivity and water vapor resistance than conventional materials, which can be considered as advantages over conventional material. Based on these findings, natural insulation materials are recommended to be used in building design due to their low thermal conductivity that causes a high thermal resistivity, saves the energy dissipation and reduces enviromental impact.
